STUDY QUESTION: Does prenatal alcohol exposure (PAE) affect regulation of the insulin-like growth factor 2 (IGF2)/H19 locus in placenta and the growth-restricted phenotype of newborns?
Introduction
Prenatal alcohol exposure (PAE) is a leading cause of preventable developmental disabilities globally and a substantial risk factor for comorbidities (Popova et al., 2016) . Alcohol exposure can produce fetal alcohol spectrum disorders (FASD), which is an umbrella term for all alcoholrelated neurodevelopmental disorders and birth defects. Fetal alcohol syndrome, with growth restriction, craniofacial dysmorphology and central nervous system defects, represents the most severe end of FASD. The estimated prevalence of FASD ranges from 3 to 5% in Europe and North America to over 10% in South Africa (Roozen et al., 2016) , but owing to a low rate of diagnosis it is impossible to determine the exact numbers. Reduction in head circumference (HC) is used in the diagnosis of FASD and considered as an indication of deficient brain growth, and abnormal morphogenesis or abnormal neurophysiology (Hoyme et al., 2016) . Previous studies suggest that the amount (Russell et al., 1991) as well as timing and pattern (Feldman et al., 2012) of alcohol exposure in utero relate to the reduction of HC. However, despite a positive correlation of HC with brain volume, there is increased variation in this relationship among alcohol-exposed children and also a lack of correlation between HC and cognitive measures (Treit et al., 2016) .
Both human (Streissguth and Dehaene, 1993) and animal (Downing et al., 2009 ) studies have shown that genetic variation is involved in the susceptibility to adverse effects of PAE. There is limited knowledge about the genetic risk factors for alcohol-induced developmental disorders and previous genetic studies have mainly concentrated on enzymes involved in alcohol metabolism (Warren and Li, 2005; Lewis et al., 2012) . Owing to the increasing comprehension about environmental effects on gene regulation and embryonic development, the study of epigenetics has become a prominent approach to understanding the molecular mechanisms behind FASD. In a previous study, we showed that early PAE in mice is capable of changing the DNA methylation level at the epigenetically sensitive Agouti viable yellow allele and consequently the coat color of alcohol-exposed offspring (Kaminen-Ahola et al., 2010) . The offspring phenotype was reminiscent of human alcohol-induced disorders with craniofacial dysmorphology, postnatal growth restriction (Kaminen-Ahola et al., 2010) and both functional (Sanchez Vega et al., 2013) and structural (Marjonen et al., 2015) changes in central nervous system.
In this study, we used placentas of 39 alcohol-exposed and 100 control human newborns to examine the effects of alcohol on regulation of the intensively studied epigenetically regulated imprinted insulin-like growth factor 2 (IGF2)/H19 locus on chromosome 11p15.5. Allelespecific gene expression in this locus is crucial for normal placental and embryonic growth. According to mouse studies, paternally expressed Igf2 is a major driver of growth (DeChiara et al., 1991) , whereas the non-coding RNA gene H19 is a maternally expressed negative growth controller (Gabory et al., 2009 ). The locus is regulated by allele-specific DNA methylation at the H19 imprinting control region (H19 ICR), H19 promoter region (H19 DMR) and IGF2 differentially methylated regions (DMR0, DMR1 and DMR2, Fig. 1 ). H19 ICR contains sevenbinding sites for methylation-sensitive zinc-finger proteins, CCCTCbinding factors (CTCFs). These binding factors organize chromatin contacts at the imprinted locus and play a critical role in the establishment and maintenance of imprinting (Phillips and Corces, 2009 ). H19 ICR is unmethylated on the maternal allele, which enables binding of CTCF proteins. According to mouse studies, the binding of CTCF is required to prevent enhancers from acting on maternal Igf2, thus repressing its
WHAT DOES THIS MEAN FOR PATIENTS?
This paper looks at why alcohol consumption in pregnancy impacts on a baby's development. We know that drinking too much alcohol in pregnancy is a key cause of developmental problems. When the effects are severe, the growth of the baby's head may be restricted and this can be an indication that brain development may also be affected.
The researchers wanted to know why some babies seem to be affected more seriously than others by their mother drinking alcohol in pregnancy. To understand more about this they explored whether the changes in gene regulation could play a role. They examined the placentas of newborn babies whose mothers had reported drinking high levels of alcohol in pregnancy. They found that drinking alcohol had an impact on the way DNA is regulated but that this varied from one person to another depending on their individual genetic make-up.
expression (Hark et al., 2000) . Hypomethylation at H19 ICR in human is known to cause downregulation of IGF2 and biallelic expression of H19, leading to a growth restriction disorder, Russell-Silver syndrome (Bartholdi et al., 2009) . By contrast, hypermethylation of H19 ICR leads to overexpression of IGF2 and downregulation of H19, causing fetal over-growth, known as Beckwith-Wiedemann syndrome.
The effects of PAE on DNA methylation level at the IGF2/H19 locus have been already examined in some previous mouse and human studies. Altered DNA methylation at the H19 ICR has been associated with PAE in mouse placenta ) and brain tissue (Laufer et al., 2013) . Also genome-wide DNA methylation studies of both mouse embryos exposed to alcohol (Liu et al., 2009 ) and buccal epithelial cells of children with FASD have identified decreased methylation of H19 (Portales-Casamar et al., 2016) .
Both genetic variation and the environment affect embryonic development, generating phenotypic differences between individuals. In this study we detected a single nucleotide polymorphism rs10732516 G/A in the sixth-binding sequence of CTCF (CTCF6), which associated with the DNA methylation level of H19 ICR in placenta. Our finding was consistent with earlier studies, where whole blood samples were used (Coolen et al., 2011; Renteria et al., 2013) and encouraged us to explore the effects of alcohol exposure in a genotype-specific manner. Altered DNA methylation level at the CTCF6 showed an association with changes in IGF2 and H19 expression in a previous human study (Takai et al., 2001) . Therefore, in addition to DNA methylation level of CTCF6 at H19 ICR and H19 DMR, we explored gene expression in both alcohol-exposed and control human placentas. Finally, we studied the genotype-specific effects of alcohol on the phenotype of newborns by using new Finnish growth charts (Sankilampi et al., 2013) .
Materials and Methods

Study design and sample collection
Placental samples
Pregnant women, admitted from primary care to the special antenatal outpatient clinic in Helsinki University Central Hospital, Finland, because of their abundant alcohol consumption, were recruited to this study (Table I  and Supplementary Table SI) . The maternal alcohol consumption before pregnancy was registered by using self-reported information: Alcohol Use Disorders Identification Test (AUDIT) or the amount of reported units of alcohol per week (1 unit is 12 g of ethanol). A 10-item screening tool AUDIT, developed by the World Health Organization, assesses alcohol consumption, drinking behavior and alcohol-related problems (Babor et al., 2001) . Scores 8-40 indicate harmful or hazardous alcohol use. More than 12-16 alcohol units per week is considered as heavy drinking (Rehm et al., 2015) . Seven mothers did not smoke during pregnancy. Of the alcohol-exposed newborns, two were of African origin, one child's mother was Estonian and father Russian, and the others were children of Finnish, Caucasian mothers. The controls were newborns of healthy Finnish, Caucasian mothers who have not used alcohol or smoked cigarettes during the pregnancy, according to their self-reported information. Control samples were collected during the same period as the alcohol-exposed samples (years 2013-15) in Helsinki University Central Hospital, Finland.
The Finnish growth charts used in this study are register data which include 753 036 infants born in 1996-2008 in Finland and it refers to optimal intrauterine growth in the Finnish population. Because of the significant differences in birth size between populations, which probably originate mainly from differences in genetic factors in Western countries, the use of population-based references is beneficial. Measures deviating more than ±2 SDs are commonly considered abnormal.
Placental biopsies (1 cm 3 ), precisely from the fetal side and within a radius of 2-3 cm from the umbilical cord, were collected immediately after delivery, rinsed in cold 1 × PBS, and stored in RNAlater ® (Thermo Fisher Scientific, Vilnius, Lithuania) at −80°C. Informed consent was obtained from all participants and the study was approved by the Ethics Committee of Helsinki University Central Hospital (386/13/03/03/2012).
Methylation analysis
EpiTYPER
Genomic DNA was extracted from four pieces of placenta per sample by standard phenol-chloroform protocol and pooled. DNA methylation profiles were measured by MassARRAY EpiTYPER (SEQUENOM Inc.) based on matrix assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry (Supplementary Table SII ). Sodium bisulphite Figure 1 Schematic structure of the insulin-like growth factor 2 (IGF2)/H19 locus on chromosome 11p15.5. CTCF protein binds to the maternal (mat) unmethylated imprinting control region (H19 ICR), which blocks the interaction between downstream enhancers and the IGF2 promoter, and enables the expression of maternal H19. The methylation of paternal (pat) H19 ICR prevents the binding of CTCF protein, allowing access of downstream enhancers to the IGF2 promoter and provoking the expression of paternal IGF2.
conversion of placental DNA (1000 ng) was carried out using the EZ methylation kit (Zymo Research, Irvine, CA, USA). Primers for the H19 ICR (CTCF6), H19 DMR and LINE-1 regions were obtained from previous publications (Ollikainen et al. 2010; Wang et al. 2010 ) and optimized (Supplementary Table SIII) . PCR was performed in triplicate using the HotStar PCR kit (Qiagen, Valencia, CA, USA) in a 10 μl reactions according to the provider's instructions. Each fragment of both control (n = 42) and alcohol-exposed (n = 33) samples was analyzed simultaneously in the same PCR plate. Technical replicates that showed >5% difference from the median value of the three replicates were discarded, leaving a duplicate that was used in the analysis.
Bisulphite sequencing
To find out allele-specific methylation levels as well as to confirm the EpiTYPER result, 28 rs10732516 heterozygous samples (6 control and 8 alcohol-exposed placentas from both patG/matA and patA/matG genotypes) were bisulphite sequenced (Supplementary Table SIV) . Due to the presence of heterozygosity and imprinting it was straightforward to discern paternal and maternal alleles. Two bisulphite conversions (EZ methylation kit, Zymo Research, Irvine, CA, USA) and three independent PCR reactions (HotStar PCR kit, Qiagen, Valencia, CA, USA) were performed for each sample. To exclude any primer-specific bias, a different pair of PCR primers was used in this traditional method compared to EpiTYPER (Coolen et al. 2011) (Supplementary Table SIII ) and primer sequences were revised to allow for potential polymorphisms. PCR fragments were gel-isolated (NucleoSpin Gel and PCR Clean-up kit, Macherey-Nagel, Düren, Germany) and the three PCR products were pooled. The products were subcloned into the pGEM ® -T Vector system I (Promega, Madison, WI, USA), and cloning was performed by a standard protocol. On average, 48 clones per individual sample were sequenced. The sequences were analyzed by BiQ Analyzer (Bock et al. 2005) . Any clones with lower than 90% conversion rate were excluded from the dataset.
Genotype analysis
Two EpiTYPER primer pairs for H19 ICR were used to genotype samples (Supplementary Table SIII) . Depending on the primer pair used and the fragmentation in EpiTYPER, the genotype was detected in unit CpG17,18,19,20 (Coolen et al. 2007) or in unit CpG10 (Ollikainen et al. 2010) as 'genotypic' methylation levels: in patG/matA~0.80, in G/G 0.30, in patA/matG 0.02, and in A/A there was no value. Altogether, 60 samples were analyzed by traditional bisulphite sequencing; 21 samples were genotyped and 39 genotypes determined by EpiTYPER were confirmed by this traditional method.
Gene expression analysis
Total RNA from four placental pieces per sample was extracted by TRIzol ® Reagent (Invitrogen, Carlsbad, CA, USA). RNA quality was evaluated using an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA, USA) in the Biomedicum Functional Genomics Unit (FuGU, Helsinki, Finland). Two to four pieces (on average three) were analyzed individually and RNA was DNAse treated (RQ1 RNase-Free DNase, Promega, Madison, WI, USA) followed by cDNA synthesis (iScript™ cDNA Synthesis Kit, Bio-Rad Laboratories, Hercules, CA, USA). Reaction conditions were as specified by SsoAdvanced™ Universal SYBR ® Green
Supermix (Bio-Rad Laboratories, Hercules, CA, USA). Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta, (YWHAZ), which showed unaffected expression by alcohol in differentiation of trophectoderm stem cells in vitro (Carnahan et al., 2013) and an optimal expression level in placenta, was used as a housekeeping gene. Primers for YWHAZ, IGF2 and H19 were chosen from previous publications (Rancourt et al. 2012; Nelissen et al. 2013) . IGF2, H19 and YWHAZ for a single sample were analyzed on the same plate. The plates were normalized using one same sample on each plate. Samples were analyzed in triplicates and the expression fold changes of IGF2 and H19 were obtained by normalizing the Ct-values to the housekeeping gene according to the ΔΔCt method (Livak and Schmittgen, 2001 
Statistical analysis
The measured birthweight, length and HC were compared to the new Finnish population-based charts (Sankilampi et al. 2013) . Two newborns of African origin were excluded from the phenotypic analysis. Statistical analyses were conducted using either SPSS software for windows version 22.0 (NY, USA) or GraphPad Prism 7 software (GraphPad Software, Inc., La Jolla, CA, USA). All data are expressed as the mean ± SD for a normal distribution of variables or as the interquartile range for a skewed distribution of variables. Samples were divided into four groups according to the genotype and the chi-square test was used to compare the prevalence of the rs1072516 in the control and alcohol samples. The nonparametric Mann-Whitney test was used to compare the characteristics of the mothers and newborns, the methylation level of chosen CpG sites as well as gene expression between the alcohol and control samples. In the methylation analysis, nominal P-value were considered significant when <0.05 and Bonferroni correction was used for multiple testing correction. Effect size for the gene expression was calculated with Cohen's d test. Oneway ANOVA, followed by Bonferroni post hoc test when significant, was used to identify the differences among the genotype groups. Correlations were calculated using Pearson or Spearman's rank correlation.
Results
Participant characteristics
The age and parity of the mother who had consumed alcohol at least in the beginning of the pregnancy differed significantly from the control mothers (Table I) . Also the weight (g), length (cm) and HC (cm) of the alcohol-exposed newborns (all or only Caucasian newborns) differed significantly from the controls. The measured birthweight, length and HC were also compared to the new Finnish population-based charts (Sankilampi et al. 2013) , in which the gestational age at birth, twinning, parity and gender have been considered when calculating the SD (z-score) of birth measures. Unexpectedly, according to the national growth charts, there were no significant differences in SDs of HC, weight or length between control and alcohol-exposed Caucasian newborns (Table I) . Two newborns of African origin were excluded from these calculations.
DNA methylation profiles at H19 ICR, H19 DMR and LINE-1
EpiTYPER
We assessed the DNA methylation level of CTCF6 at H19 ICR and H19 DMR and LINE-1 in both alcohol-exposed and control placentas as Sequenom MassARRAY EpiTYPER units, which contain one or more binding sites for methyl groups (CpGs). We did not see significant differences in the methylation levels of CTCF6 at H19 ICR or H19 DMR between these two groups (Supplementary Table SII) . Interestingly, the rs10732516 G/A polymorphism in the CTCF6 binding sequence at H19 ICR showed genotype-specific, significantly different DNA methylation levels at units CpG1, CpG21, 22 and CpG23 between control samples (F 3,32 = 7.1, P = 0.001; F 3,33 = 69.8, P < 0.0001; F 3,24 = 24.7, P < 0.0001, respectively, one-way ANOVA) ( Fig. 2A) . Owing to these clearly distinct methylation profiles, we divided all our samples according to the genotype: rs10732516 G/G, paternal G/maternal A (patG/matA), paternal A/maternal G (patA/ matG) and A/A, and explored potential genotype-specific effects of alcohol exposure. The allele frequencies of this polymorphism are nearly equal in the Finnish population (G = 0.47, A = 0.53) (Auton et al. 2015) and there were no differences in the prevalence of rs10732516 genotypes between control and alcohol-exposed groups (Χ 2 (3) = 0.96, P = 0.81, chi-square test).
To determine alcohol-induced alterations in the global methylation level in placenta, we examined methylation in Long interspersed nuclear elements (LINE-1) in the alcohol-exposed and control placentas. However, no significant changes in the methylation levels were observed (Supplementary Table SII) .
Genotype-specific DNA methylation profiles at H19 ICR and H19 DMR EpiTYPER Despite our genotype-specific approach, we did not observe any alcohol-induced changes in the methylation level of H19 ICR by using EpiTYPER (Supplementary Table SII) . However, we detected decreased methylation levels at units CpG6 and CpG16 at H19 DMR in G/G genotype in the alcohol-exposed placentas compared to controls (nominal P-value P = 0.01 and P = 0.04, respectively, MannWhitney) (Fig. 2B) . Nevertheless, changes in DNA methylation levels were not significant after multiple testing correction (P = 0.28, P = 1.12, respectively, Bonferroni correction). Furthermore, genotypespecific methylation levels at H19 DMR were detected in the alcoholexposed samples: the methylation level of A/A was lower compared to patG/matA and patA/matG at unit CpG6 (F 3,19 = 5.7, P = 0.006, one-way ANOVA).
Bisulphite sequencing
We confirmed the genotype-specific EpiTYPER results of CTCF6 at H19 ICR by traditional bisulphite sequencing for heterozygous control and alcohol-exposed samples (patG/matA and patA/matG). We first counted the average methylation percentages separately for the paternal and maternal alleles, and then calculated the total methylation levels for each CpG site (CpG1-CpG27) by weighing both of the alleles equally (Supplementary Table SIV) . By using a different primer pair we attempted to exclude any potential primer-specific bias. The traditional method showed a similar trend of DNA methylation levels in both genotypes as were seen by EpiTYPER and in a previous study with whole blood cells (Coolen et al. 2011) : patG/matA genotype has a higher methylation level in the end of the sequence compared to patA/matG genotype in both control (nominal P-values CpG25: P = 0.009 and CpG26: P = 0.002, Mann-Whitney) and alcohol-exposed (nominal P-value CpG1: P = 0.015, CpG25: P = 0.002 and CpG26 P = 0.001, Mann-Whitney) placentas (Fig. 3, Supplementary Tables SIV and SV) . However, changes in methylation levels were not significant after multiple testing correction either in control (CpG25: P = 0.47, CpG26: P = 0.10, Bonferroni correction) or alcohol-exposed placentas (CpG1: P = 0.78, CpG25: P = 0.10, CpG26: P = 0.05, Bonferroni correction). The overall methylation levels observed were higher using bisulphite sequencing, where both the alleles are weighed as equals, which indicates that the alleles were not equally amplified in EpiTYPER.
When comparing the alcohol-exposed placentas to controls within genotypes the methylation levels in patA/matG genotype were lower in sites CpG1 and CpG14 in alcohol-exposed samples (nominal P-value P = 0.05 and P = 0.02, respectively, Mann-Whitney) (Fig. 3D ). This trend of hypomethylation was similar to the EpiTYPER results (site CpG14 corresponds to unit CpG11,12 in EpiTYPER, Supplementary Table SV). We did not observe a similar systematic trend of alcohol-associated hypomethylation in the patG/matA genotype, which indicates genotype-specific effects of alcohol exposure (Fig. 3A, Supplementary Table SIV) . However, differences in DNA methylation levels were not significant after multiple testing correction (CpG1: P = 2.6, CpG14: P = 1.04, Bonferroni correction).
Allele-specific DNA methylation profiles at H19 ICR Bisulphite sequencing: We next wanted to assess potential allele-specific effects of alcohol exposure on CTCF6 at H19 ICR using traditional bisulphite sequencing (Fig. 3B , C, E and 3F, Supplementary Table SIV) . By comparing the methylation levels of paternal and maternal alleles separately in control and alcohol-exposed placentas we observed an obvious and consistent trend of alcohol-associated decreased average methylation in the paternal allele of patA/matG genotype (Fig. 3E) . Two CpG sites, CpG7 and CpG14, were notably less methylated in the alcoholexposed placentas compared to controls (nominal P-values P = 0.02 and P = 0.007, respectively, Mann-Whitney; after multiple testing correction P = 2.08, P = 0.73, respectively, Bonferroni correction). This decreased methylation in the paternal allele is consistent with an earlier mouse study, where alcohol-associated allele-specific methylation levels in placenta were studied ). In the maternal allele, despite of a trend of alcohol-associated increased methylation in the end of the sequenced clones, we did not observe any significant sitespecific alterations.
We did not observe a consistently decreased methylation level in the paternal allele of patG/matA genotype in alcohol-exposed placentas. Instead of hypomethylation, we detected increased site-specific methylation in the paternal allele of the patG/matA genotype in the alcoholexposed placentas compared to control placentas (nominal P-value CpG9: P = 0.02, Mann-Whitney; after multiple testing correction P = 2.08, Bonferroni correction) (Fig. 3B, Supplementary Table SIV) , which is contrary to the hypomethylated paternal site CpG9 of the patA/ matG genotype in the alcohol-exposed placentas. This, together with the demethylated methylation profile of the patA/matG genotype, suggests allele-specific effects of the alcohol exposure.
Genotype-specific gene expression of IGF2 and H19
We next examined whether PAE affects gene expression at the IGF2/ H19 locus. The mRNA expression level of IGF2 and H19 was highly variable and we did not see significant changes in IGF2 and H19 expression when we compared all alcohol-exposed placentas to controls (P = 0.82, P = 0.1, respectively, Mann-Whitney) (Fig. 4A, 4B) . Upregulation of IGF2 mRNA expression in alcohol-exposed placentas is consistent with an earlier study where alcohol-exposed human trophoblast cell lines and placental tissue were used, but the expression of H19 was not studied (Joya et al. 2015) . We did not see any genotype-specific trends in gene expression (IGF2: F 3,58 = 0.21, P = 0.89; H19: F 3,49 = 1.16, P = 0.34 in control placentas and IGF2: F 3,25 = 1.44, P = 0.26; H19: F 3,24 = 1.38, P = 0.27 in alcohol-exposed placentas, one-way ANOVA) (Fig. 3D, E) . The only exception was the patA/matG genotype: the expression of both IGF2 (P = 0.03, Mann-Whitney) and H19 was consistently repressed in the alcohol-exposed placentas compared to controls in this specific genotype, where a hypomethylated paternal allele was detected by traditional bisulphite sequencing.
Previous Russell-Silver and Beckwith-Wiedemann syndrome studies (Bartholdi et al. 2009 ) have shown that hypermethylation at H19 ICR leads to overexpression of IGF2 and downregulation of H19, and controversely, hypomethylation of H19 ICR leads to downregulation of IGF2 and biallelic expression of H19. Therefore, we decided to compare the A B Figure 2 Genotype-specific DNA methylation levels of CpG units at the IGF2/H19 locus in control and alcohol-exposed placentas measured by Sequenom EpiTYPER. (A) Genotype-specific DNA methylation levels in units CpG1, CpG21,22, and CpG23 at H19 ICR (CTCF6) in control placentas (P = 0.001; P < 0.0001, P < 0.0001 respectively, one-way ANOVA). (B) Genotype-specific DNA methylation levels in units CpG6 and CpG16 at the H19 DMR. Genotype-specific methylation levels were compared between control (C) and alcohol-exposed (A) placentas (units CpG6 and CpG16 in G/G genotype, a star (★) illustrates nominal P-value < 0.05, Mann-Whitney) and genotypespecific methylation levels in alcohol-exposed placentas (unit CpG6, P = 0.006, one-way ANOVA). Error bars denote the median with interquartile range. The numbers of samples are in brackets. Bonferroni post hoc test for one-way ANOVA: *P < 0.05, **P < 0.01, ***P ≤ 0.001. expression ratios of H19 and IGF2 in each placenta. The relative H19 expression was significantly increased when we compared all the alcoholexposed placentas to unexposed controls (P = 0.006, Mann-Whitney, effect size: 0.6, Cohen's d) (Fig. 4C) , which indicates alcohol-induced changes in the regulation of these two genes. However, when the samples were divided according to the genotype, increased exposureassociated expression of H19 compared to IGF2 was observed only in the genotypes with a paternal rs10732516 G allele (G/G: P = 0.03 and patG/matA: P = 0.02, Mann-Whitney) (Fig. 4D) .
Genotype-specific phenotypes of alcoholexposed newborns
We explored genotype-specific changes in the alcohol-exposed newborns' phenotype by comparing birth anthropometry to the new Finnish population-based growth charts (Sankilampi et al. 2013) . According to the charts, in which the gestational age at birth, twinning, parity and gender have been considered, there are no significant phenotypic differences between control and alcohol-exposed Caucasian newborns (Table I) . However, genotype-specific comparison surprisingly revealed a significant association between the rs10732516 polymorphism and the HC of alcohol-exposed newborns (F 3,33 = 7.5, P = 0.001, one-way ANOVA) (Fig. 5A ). Alcohol-exposed newborns' HCs were significantly smaller in the patG/matA genotype than control HCs (P = 0.004, Mann-Whitney) and the largest in the A/A genotype. The HCs of alcohol-exposed newborns (n = 37) correlate with the SD of birthweight (r = 0.538, P = 0.001, Pearson correlation) and placental weight (r = 0.422, P = 0.009), but not with the birth length (r = 0.228, P = 0.176) (Fig. 4) . The HCs of controls (n = 100) correlate with the SD of birthweight (r = 0.501, P < 0.001), length (r = 0.292, P = 0.003) and placental weight (r = 0.247, P = 0.013).
There was a negative correlation between the AUDIT scores (Babor et al. 2001) and HCs of alcohol-exposed newborns (r = −0.487, P = 0.018, n = 23, Spearman's rank correlation), which indicates that the reported AUDIT scores to some extent represent the degree of alcohol consumption. This concerns other genotypes except A/A, of which the majority of AUDIT data are missing. We did not observe a correlation between HC and the amount of reported alcohol units per week (r = 0.129, P = 0.659, n = 14), HC and duration of alcohol exposure (r = −0.041, P = 0.812, n = 36) or HC and number of cigarettes smoked per day (r = 0.109, P = 0.611 n = 24). Furthermore, we did not observe a correlation between the HCs of alcohol-exposed newborns and methylation of any CpG site (CTCF6 at H19 ICR or H19 DMR) or gene expression (IGF2 or H19). Due to the small number of samples, the analyses were not performed in a genotype-specific manner.
Discussion
We have explored effects of PAE on regulation of the IGF2/H19 locus by analyzing our samples according to the rs10732516 polymorphism and the distinct epigenetic profiles associated with it. This genotypespecific approach is supported by recent Icelandic research where a parent-of-origin-dependent effect of a polymorphism rs147239461 at the IGF2/H19 locus on newborn and adult height was discovered (Benonisdottir et al. 2016) . Previous studies indicate that also rs10732516 associates with growth in a parent-of-origin manner: a polymorphism rs4929984 in the same block of strong linkage disequilibrium with rs10732516 has been associated with parent-of-origin effects on newborn birthweight in independent populations (Adkins et al., 2010) . Furthermore, the fetal rs2071094 allele, a polymorphism which is also in linkage with rs10732516, has been associated with increased birthweight, length and HC when inherited from the mother (Petry et al., 2011) . rs10732516 is not necessarily the functional polymorphism in the haplotype, but it is a plausible candidate because of its location on the binding sequence of CTCF protein, where allele A deletes a CpG binding site for a methyl group. Considering a relatively weak effect of the polymorphisms on birth measurements in previous studies, rs10732516 could slightly affect the binding efficiency of CTCF protein and consequently change the DNA methylation profile as well as the regulation of the locus depending on the genotype. Both genetic variation and environmental impacts, such as nutrition in the beginning of pregnancy (Heijmans et al., 2007; Tobi et al. 2012) , IVF treatments (Nelissen et al., 2013; Loke et al. 2015; Castillo-Fernandez et al. 2017) and PAE Liu et al. 2009; Laufer et al., 2013; Portales-Casamar et al. 2016) , have been associated with different DNA methylation levels at the IGF2/H19 locus in previous studies. In this study we observed decreased DNA methylation level in the paternal allele at the H19 ICR in alcohol-exposed human placentas, which is consistent with an earlier mouse study ). This decreased methylation was seen only in the rs10732516 patA/ matG genotype, which suggests that the effect of alcohol exposure on the methylation profile depends on the genotype. The observed changes in the methylation level are relatively small and we have only 14 samples with this genotype. According to a power calculation, at least 44 samples would be needed to reach a significant P-value after multiple testing correction. However, the lower DNA methylation level of the alcoholexposed paternal allele in a patA/matG genotype is consistent, which decreases the likelihood of randomness. This systematic trend of hypomethylation led us to explore if there are any genotype-specific alcoholinduced changes in gene expression or in the newborns' phenotype.
We observed increased IGF2 mRNA expression in alcohol-exposed placentas, which is consistent with an earlier human study (Joya et al. Decreased genotype-specific IGF2 expression in alcohol-exposed placentas with patA/matG genotype compared to controls (P = 0.03, Mann-Whitney). (E) Genotype-specific H19 expression in placenta. The fold change of one data point (89,62) for an alcohol-exposed placenta in genotype patG/matA is outside the axis limit. (F) Increased genotype-specific expression ratio of H19:IGF2 in genotypes with paternal rs10732516 G genotypes G/G and patG/matA compared to controls (P = 0.03, P = 0.02, respectively, Mann-Whitney). Error bars denote the median with interquartile range. The numbers of samples are in brackets.
2015), but contradicts the growth-restricted phenotype of PAE. However, when we compared IGF2 and H19 expressions in each placenta, we detected significantly increased H19 expression compared to IGF2 in the alcohol-exposed placentas, which could explain the retarded growth. Genotype-specific examination revealed decreased IGF2 expression in alcohol-exposed placentas in the patA/matG genotype, which could be a consequence of the hypomethylated paternal allele observed in the alcohol-exposed placentas in this genotype. However, also H19 expression is decreased in this specific genotype indicating that functional studies should be performed to clarify the effects of PAE on gene expression at this complex locus. When analyzing the newborns' phenotype we observed a genotypespecific association between alcohol exposure and the relative HC of newborns. The smallest HCs are in the genotype patG/matA and, interestingly, in this particular genotype the expression of the negative growth controller H19 was the most increased when compared to IGF2 expression in placenta. The alcohol-exposed newborns with an A/A genotype have the largest HCs and only one HC was below population average. This same A/A genotype has been associated with the strongest growth phenotype in infantile hemangiomas in a recent study (Schultz et al. 2015) . Our finding could explain the observations in previous studies: a lack of correlation between the newborns' HC and maternal alcohol consumption (O'Callaghan et al. 2003) or the decreased correlation between HC and brain volume of alcohol-exposed children (Treit et al. 2016) . The results suggest that the effect of alcohol exposure on HC depends to some extent on genotype, advocating the use of genetic information in future diagnostics of alcohol-induced disorders.
This work suggests that there are genotype-specific alcohol-induced effects on regulation of the IGF2/H19 locus, which could disturb the balance of gene expression. Although both of the rs10732516 alleles are common in many populations (Auton et al. 2015) , the polymorphism could prove meaningful under suboptimal developmental circumstances. Interestingly, mutations in CTCF gene, which encodes a protein that is pivotal for function of the IGF2/H19 locus, have been identified in individuals with mild intellectual disability, growth retardation, microcephaly, cleft palate and congenital heart defects (Gregor et al. 2013) , which all are characteristics of alcohol-induced defects as well. However, despite the interesting associations that we have found, this study does not clarify the molecular mechanisms behind the effects of alcohol exposure on this complex locus or demonstrate causality for observed alterations. Although we did observe genotype- specific changes in DNA methylation profile, we have explored only a very restricted genomic region with relatively small alterations, and thus the biological significance of these particular alterations are obscure. On the basis of this study, we suggest considering the rs10732516 polymorphism in future studies of environmental effects on the function of IGF2/H19 locus. We are aware of some limitations in this study. We have been able to concentrate only on maternal alcohol consumption, although previous studies suggest that also paternal alcohol consumption can alter the methylation level of H19 ICR in sperm (Ouko et al. 2009 ). We have attempted to exclude multiple substance abusers from this study, but common factors such as smoking and antidepressants (Supplementary Table SI) can also affect embryonic development. Previous genomewide studies have shown that smoking affects the methylation level in placenta, but changes at the IGF2/H19 locus have not been reported (Suter et al. 2011; Maccani et al. 2013) . Furthermore, we did not observe an association between smoking and specific changes in DNA methylation in this study. We need to also consider that the amount and the timing of consumed alcohol is self-reported by mothers and there can be considerable inaccuracy in this personal evaluation (Lange et al. 2014) (Supplementary Table SI ). All the mothers have had serious problems with alcohol consumption at least in the beginning of pregnancy and according to the AUDIT scores (score 15 or above (Babor et al., 2001) ) or amount of reported alcohol units (over 12 units per week (Rehm et al., 2015) ), there are heavily alcohol-exposed placentas and newborns in each genotype. However, the advantages of performing a genetic study in the Finnish population are the relatively subtle genetic, socioeconomic and environmental differences among participants. This, together with the new national growth charts, may have benefited us when discerning genotype-specific alcohol-induced effects, even with a relatively small sample size.
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